The tracer experiments were modeled/interpreted using a three-step approach that involved (1) estimating the aperture distribution in each fracture using surface profiling techniques, (2) predicting the flow field in the fractures using a localized parallel-plate approximation, and (3) predicting tracer transport in the fractures using particle-tracking techniques. Although considered preli,.ninary at this time, the model results were in qualitative agreement with the experiments.
BACKGROUND
Colloids have the potential to move through saturated groundwater systems faster than nonsorbing solutes because their large size and low diffusivity tend to exclude them from regions of low groundwater velocity.l, 2 In fractured media, groundwater flow is limited almost exclusively to fractures, but diffusion into pores in the rock matrix (known as "matrix diffusion") can significantly retard the transport of solutes relative to that of water.3,4 By contrast, colloids should be largely excluded from the rock matrix and could possibly move through a fractured system more rapidly than the average water velocity because of their tendency as slowly diffusing species to remain in high-velocity fluid streamlines. Whether or not colloids actually experience enhanced mobility in such systems will depend on the nature of the colloid-matrix interactions, with unfavorable deposition interactions (i.e., the tendency for colloids to no__A deposit on rock surfaces) resulting in enhanced mobility.
The possibility of rapid colloid transport poses significant challenges for performance assessments of geologic waste disposal sites such as high-level nuclear waste repositories. However, it also suggests an opp,_rtunity to conduct more thorough tracer transport studies to characterize geohydrologic systems. Hydrodynamic dispersion and chemical retardation in such systems have often been studied by doing tracer experiments with a suite of solutes that have different diffusivities and/or different reactivities with the geologic media. 4 The breakthrough curves of nonreacting solutes are frequently used to infer the true hydrodynamic dispersion in a system. In saturated fractured media, the observed dispersion may be dominated by matrix diffusion.
If colloids are excluded from the porous matrix because of size/diffusivity considerations and if they have unfavorable deposition interactions with the matrix, they could, in principle, be used as tracers in conjunction with solutes to provide a means of estimating how much of the observed solute dispersion is due to matrix diffusion. This information could help provide a defensible basis for (1) taking credit for matrix diffusion as a mechanism of solute retardation/attenuation in performance assessments, and (2) predicting colloid transport and . dispersion in fractured media under worst-case conditions of minimal deposition. These two possibilities inspired the work described in this paper.
EXPERIMENTAL

Materials and Methods
Tracer experiments were conducted in three natural fractures: (1) Bandelier tuff from an outcropping near Los Alamos, New Mexico (11.3-x 10.1-cm surface area,~0.6-cm 3 void volume/~55-_tm average aperture,~30-_m hydraulic aperture, and 0.089 matrix porosity), (2) Tram tuff from a Nevada Test Site core sample (9.7-x 8.4-cm surface area,~1.3-cm 3 void volume/-160-_m average aperture,-90-_tm hydraulic aperture, and 0.192 matrix porosity), and (3) Bullfrog tuff from a Nevada Test Site core sample (8.5-x 8.3-cm surface area,~3.7-cm 3 void volume/-555-ktm average aperture,~ll0-ktm hydraulic aperture, and 0.208 matrix porosity). The void volumes and hydraulic apertures were estimated from tracer residence times and flow resistances, respectively. Porosities were measured by weight difference of saturated and unsaturated tuff blocks of known volume (done in triplicate).
Each fracture bisected a roughly rectangular block that had been cut to allow construction of a leak-free flow system around the fracture. The fracture surfaces were joined under moderate pressure using aluminum confining plates bolted together at the corners. No-flow boundaries were imposed on two sides of the fracture by compressing silicone gasket material over the rock under an aluminum plate. Constant pressure boundaries were imposed on the ends using the same technique but with a channel cut out of the gasket material to serve as a flow manifold. The flow system could be assembled completely under water, thereby assuring that no air bubbles were entrapped in the fracture, and it could be easily and quickly disassembled after tracer experiments to examine the fracture surfaces for deposited colloids.
Tracers used in the experiments included:
1. 1-gm-diam carboxylate-modified polystyrene latex (CML) microspheres, 2. 0.3-gm-diam CML microspheres, and 3. lithium iodide (iodide serving as a nonsorbing solute).
The polystyrene latex colloids (from Interfacial Dynamics Corp., Portland, OR) were tagged with fluorescent dyes, which allowed discrimination and concentration measurement using flow cytometry. Iodide was analyzed using an ion-selective electrode. Earlier work 5 had established that the CML microspheres moved through the fractures with less deposition than either non-CML polystyrene or silica microspheres. The colloids and tuff surfaces all had significant negative surface charges (as determined by zeta potential measurements).
All three tracers were introduced simultaneously in each experiment to ensure that they all experienced the same flow conditions. The tracers were introduced as a uniform step by flushing the inlet manifold with the tracer solution before allowing flow through the fracture. Flow rates through the fracture were controlled using a peristaltic pump. In all tests, the outlet manifold was continuously flushed with tracer-free solution to reduce the tracer residence time in the manifold and exit tubing. This flushing procedure resulted in a 50-to 600-fold dilution of the solution exiting the fracture (depending on the flow rates), but it ensured that the observed tracer breakthrough curves could be attributed entirely to dispersion and interactions within the rock, not within the tubing or manifold.
Temperatures in all experiments were ambient, ranging from 21 to 26°C. The tracer-free solution was silica-saturated, sodium/calcium bicarbonate well water taken from well J-13 at the Nevada Test Site; the solution had an approximate ionic strength of 0.003 M. The water was filtered with a 0.2-gm cm'tridge filter before being used in the experiments. The tuff blocks were saturated under vacuum for several months before the tracer experiments were conducted. Batch sorption experiments were conducted to check for iodide sorption on the tufts. These tests indicated no measurable sorption of iodide on any of the samples. Mineralogical characterization of the fractures was pending at the time this paper was prepared.
After the completion of the tracer experiments, an attempt was made to determine the aperture distribution within the fractures by profiling the fracture surfaces and then mathematically manipulating the surface data to estimate apertures as a function of position. The surfaces were profiled using the PEAK profilometer at Lawrence Livermore National Laboratory. 6 The profiles featured a 0.25-mm spacing between data points in the x-and y-directions (in the plane of the fracture) and a standard deviation of approximately 5 gm in the z-direction.
Results
Sixteen tracer experiments were conducted in all, with at least three different flow rates being used in each fracture. The flow rates were chosen to bracket the range expected in forcedgradient field experiments, so they were high relative to natural-gradient conditions (mean tracer residence times varied from approximately 2.5 to 12 rain in the fractures). Figure 1 shows typical breakthrough curves for the CML colloids and iodide in the Bandelier tuff fracture. These breakthrough curves are representative of those in all the experiments. The common features in the experiments were as follows.
• The colloids always arrived in the effluent earlier than the iodide and approached the inlet concentration (Co) more rapidly than iodide. We attribute the earlier colloid arrival to either (1) hydrodynamic chromatography (that is, the iodide more closely follows classical Taylor dispersion in which all the streamlines across the width of the flow channel are sampled and an average fluid velocity is thus experienced, while the colloids tend to remain in fluid streamlines) or (2) the i'_ct that the colloids experience a smaller effective volume in the fracture because they diffuse too slowly to enter low-velocity regions (dead zones) along the rough fracture walls. The difference in arrival time decreased as the average fracture aperture became wider, which is consistent with hydrodynamic chromatography theory. We believe that the slower iodide approach to the inlet concentration was due to matrix diffusion, a phenomenon that did not affect the colloids because they were too large and too slowly diffusing to enter the matrix.
• There was a small but discernable difference between the 1-and 0.3-gm CML colloids in all tests, with the 1-gm colloids arriving slightly earlier than the 0.3-gm colloids. This behavior is consistent with hydrodynamic chromatography theory, which predicts less dispersion (i.e., later arrival) for smaller, more diffusive species. • The approach of the iodide concentration to the inlet concentration was dependent on the , flow rate in the experiment, with the approach being faster at higher flow rates (when corrected for flow rate differences by plotting on a volume eluted basis)°By contrast, the colloid breakthrough curves for a given fracture were identical at all flow rates. These observations are consistent with matrix diffusion as a mechanism that affects iodide but not the colloids. Figure 2 shows iodide breakthrough curves at three different flow rates in the Bandelier tuff fracture.
Another interesting observation during the experiments was that the relative amount of tracer dispersion in the fractures increased as the average fracture aperture increased. This is illustrated in Figure 3 , which shows colloid breakthrough curves as a function of void volumes eluted in each of the fractures (void volumes were estimated from the mean residence times of the colloids). The two curves for the Bullfrog tuff fracture correspond to orthogonal flow directions in this fracture. The flow direction was changed by rotating the fracture 90 degrees in the flow system so that the constant pressure boundaries became no-flow boundaries and vice-versa. The Bullfrog fracture was the only fracture for which this was done. It is apparent that dispersion in this fracture was directionally dependent, which suggests the presence of preferential flow pathways that are oriented more strongly in one direction than the other. 
PREDICTIVE MODELS J
After obtaining estimates of the fracture aperture distributions (Figure 1 ), the steady-state flow field in each fracture was approximated by discretizing the fracture domain into 0.25-x 0.25-mm cells and then solving the continuity equation with the appropriate boundary conditions and assuming that the cubic law for flow between parallel plates applies locally. The details of this approach are described elsewhere. 7, 8 The results of these calculations are a pressure distribution within the fracture from which the flow rate across each cell boundary can be calculated. An iterative solution method (implicit alternating direction) 9 was used to estimate the pressure distributions. Nondimensional flow fields within each fracture are depicted in Figure 4 .
The nondimensional flow fields were scaled to match the overall flow rates in each of the tracer experiments. Tracer breakthrough curves were then predicted using a particle-tracking technique that made direct use of the calculated flow fields. This approach circumvented the need for an adjustable dispersion parameter because dispersion arose naturally from the meandering flow pathways. The particle tracking calculations were similar to those used by others to predict tracer transport in variable aperture fractures, 8,10but significant additional logic was necessary to account for hydrodynamic chromatography and matrix diffusion. The details of the approach will be documented in a Ph.D. thesis by one of the authors. I1 Key features include the following.
• Each cell in the computational grid is assumed to have a parabolic velocity profile. The flow distance in each cell is equal to the length of the cell, but a particle can exit across any cell boundary that has outward flow. The particles move through the cells according to:
where xn,x n+l = particle position at time steps n and n+l, (v + V • D)xn = fluid velocity vector plus gradient of diffusivity at position X n, D n "-particle diffusivity at position Xn X Z I,Z 2 = independent random numbers with mean of zero and variance of one; the first is used for diffusion in the flow direction and the second is used for diffusion perpendicular to the fracture walls, and At = time increment.
However, rather than using explicit time steps, the particles are stepped across the fracture width (perpendicular to cell walls) in distance increments, and a distribution of times is randomly sampled to determine how long it takes to diffuse these distances. The distance moved in the direction of flow during this time is then calculated using the second and third terms on the right-hand side of Equation (1). The particle-to-wall separation distance relative to cell half width is kept constant when a particle moves across cell boundaries.
• When a solute particle "hits" a wall, it has a probability of encountering a pore equal to the matrix porosity. If a pore is not present, the wall is treated a,_a reflective boundary. When a pore is encountered, a pre-calculated distribution of times is randomly sampled to determine the time it takes for the particle to diffuse a specified distance back into the fracture. This time distribution is generated from a separate particle-tracking calculation in which particles start at the wall and are allowed to diffuse either into or away from the matrix according to a random walk. A gradient of diffusivity and porosity (from values in water to values in the porous matrix) must be incorporated into these calculations to avoid false accumulation of particles within the matrix. This is analagous to the erroneous accumulation of particles in stagnant zones noted by Tompson and Gelhar 12 ' when dispersivity and porosity gradients are ignored in particle-tracking calculations.
• Fracture walls are always treated as reflective boundaries for colloid particles. However, colloids are subject to hydrodynamic corrections, 13which cause a gradient in diffusivity and an advective velocity slightly different from that of the free fluid when the particles are close to a wall. These corrections are included in the calculations.
Breakthough curves were obtained from the particle-tracking calculations by plotting the cumulative distribution of particle residence times within the flow domains. Figure 5 shows a comparison of calculated and experimental breakthrough curves for both colloids and iodide. Also shown is a calculated breakthrough curve for particles that simply experience the average fluid residence time in each cell they encounter, which is a technique commonly used in particletracking calculations for variable aperture fractures. 8,10 Although our calculations are considered preliminary at this time, it is apparent that they provide additional detail that at least qualitatively agrees with the observed experimental behavior of both the colloids and the iodide. We speculate that the underprediction of colloid concentrations and the overprediction of iodide concentrations shown in Figure 5 (a common feature of model predictions in all fractures) may indicate that the colloids actually experience a smaller effective volume and/or the iodide experiences a larger effective volume than what we assumed to be the void volume. This could occur if the fracture walls have fine-scale roughness that results in stagnant regions along the walls that the colloids are excluded from and the iodide has access to because of its greater diffusivity. Of course, we cannot rule out other possible explanations for discrepencies between experiment and model: (1) errors in the aperture distributions deduced from the surface profile data, (2) nonvalidity of the local parallel-plate approximation in the flow and particle tracking calculations, and (3) other invalid assumptions in the particle tracking calculations. We shall continue to investigate these possibilities.
Although not shown here, our calculations also predicted the same trend of dispersion in the fractures that is shown in Figure 3 .
CONCLUSIONS
We believe that we have demonstrated at the laboratory scale a novel approach for estimating how much of the observed dispersion of a nonsorbing solute in a saturated natural fracture can be attributed to matrix diffusion. This approach also allows the study of colloid transport in fractures under conditions of minimal deposition. Our modeling efforts have proven q II successful in that many of the features of tile experimental breakthrough curves of both the , colloids and the iodide have been qualitatively reproduced. In the future, we plan to conduct field experiments with colloids and solutes as tracers in an attempt to apply what we have learned to larger scales.
